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ABSTRACT

We present the longitudinal coherence measurement of the transient inversion collisional x-ray laser for the
first time. The Ni-like Pd x-ray laser at 14.68 nm is generated by the LLNL COMET laser facility and is
operating in the gain-saturated regime. Interference fringes are produced using a Michelson interferometer
setup in which a thin multilayer-coated membrane is used as a beam splitter. The longitudinal coherence
length for the picosecond duration 4d'S, — 4p'P; lasing transition is determined to be ~400 um (1/e HW)
by adjusting the length of one interferometer arm and measuring the resultant variation in fringe visibility.
This is four times improved coherence than previous measurements on quasi-steady state schemes largely
as a result of the narrower line profile in the lower temperature plasma. The inferred gain-narrowed
linewidth of ~0.29 pm is also substantially narrower than previous measurements on quasi-steady state x-
ray laser schemes. This study shows that the coherence of the x-ray laser beam can be improved by
changing the laser pumping conditions. The x-ray laser is operating at 4 — 5 times the transform-limited
pulse.
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1. INTRODUCTION

Since the early development of laboratory x-ray lasers, source coherence has been a very important parameter to fully
realize the potential of many applications. Specifically, x-ray laser interferometry [1] and holography [2] have been
demonstrated using the Nova Ne-like Y ion 15.5 nm and the Ne-like Se ion 20.6 nm laser lines, respectively. With the
recent progress in saturated output, tabletop x-ray lasers operating at similar wavelengths, e.g. Ni-like Pd ion at 14.7 nm
[3], many of the same applications that depend on the source coherence properties can be demonstrated on these smaller,
higher repetition rate facilities. The longitudinal coherence, L., or temporal coherence, . = L./c where ¢ is the speed of
light, of the source is inversely related to the spectral bandwidth, AA, and is a measure of the temporal separation along a
beam in which the different spectral components maintain a phase relationship. This can yield important spectral
linewidth and shape information and provide valuable insight into the lasing medium gain dynamics. Therefore, accurate
measurements of x-ray laser longitudinal coherence and methods of improving the coherence are important for these
applications as well as future design of extreme-ultraviolet (EUV) interferometers and high quality EUV optics.

The x-ray laser source longitudinal coherence length can be determined accurately from interferometry. Interference
fringes will be generated in an amplitude division interferometer if the following prerequisites are satisfied: (1) The phase
fronts of the two arms are spatially overlapped and co-propagated; (2) The arm lengths are equalized to an accuracy better
than the coherence length of the source. Previous measurements of L. were made on the NOVA Ne-like Y x-ray laser at
15.5 nm [4]. This quasi-steady state (QSS) scheme was generated with a single 500 ps pulse with several kilojoules of
energy. The longitudinal coherence of this x-ray laser was measured to be ~100 um (1/e HW), using a Mach-Zehnder type



interferometer with an inferred linewidth of 1.3 pm (FWHM) [4]. In an earlier NOVA experiment [5], a 1.1 pm (FWHM)
linewidth for the Ne-like Se 20.6 nm x-ray laser, pumped by a 600 ps pulse, was measured directly using a high
resolution spectrometer. In these QSS schemes, the duration of the x-ray laser pulse is typically shorter (~200 ps) [6] than
the optical drive pulse, where the gain conditions are ultimately extinguished through over-heating and over-ionization of
the high temperature plasma medium.

The transient collisional excitation x-ray laser [7] is a higher efficiency scheme suitable for laser drivers of less than
10 J energy. The strong inversion is pumped by a combination of a long ~ns prepulse with a short ~ps heating pulse
where the duration of the very high gain ~65 cm™ [3] is determined by the picosecond timescale over which the
collisional pumping takes place. The picosecond output makes this scheme well suited for probing fast evolving events
[8]. In this paper, we describe transient x-ray laser measurements that have improved longitudinal coherence of ~400 pm
(1/e HW) with an inferred gain-narrowed linewidth of ~0.29 pm (FWHM). The coherence length is approximately four
times higher than the NOV A x-ray laser results mainly because of the lower plasma ion temperature in the optimized gain
medium. The reported measurements in this work also show an improved coherence length and visibility when the short
pumping pulse is lengthened from 6 ps to 13 ps.

2. EXPERIMENTAL DESCRIPTION

The Ni-like Pd 14.68 nm x-ray laser beam was generated using two laser beams at 1054 nm wavelength from the
Compact Multipulse Terawatt (COMET) laser facility at LLNL [3]. Saturated x-ray lasing output in excess of 10 pJ was
achieved with a combination of a 600 ps long pulse (2 J, 2 x 10" W em®) and a 13 ps (57, 3 x 10” W cm™) main
heating pulse. The short pulse arrived 700 ps peak-to-peak after the long pulse. For some shots the duration of the
picosecond pulse was shortened to 6ps (5 J, 6 x 10 W em™). A 1.6 cm long line focus utilizing a 7-step traveling wave
mirror geometry was used to irradiate a 1.25 cm long polished Pd slab target. This produced strong amplification in one
axial direction where the output was collected by a multilayer optic. The experimental setup for generating the x-ray laser
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Figure 1: Experimental setup for 14.7 nm Michelson interferometer.

in relation to the Michelson interferometer is shown in Fig. 1. The x-ray laser output is imaged by a normal incidence
Mo/Si multilayer spherical mirror (S1), with = 11.75c¢m, and routed via a second flat 45° multilayer mirror, to the
input path of the Michelson interferometer. The x-ray laser interacts with the first component, a thin foil beamsplitter
(BS), which is partially transmissive and partially reflective at the 14.68 nm wavelength. The beamsplitter consists of an
89 nm thick Si;N, membrane (active area of 0.5 x 0.5 cm’) coated either side with 4.5 bi-layers of Mo/Si. The
reflectivity and transmission at the x-ray laser wavelength is 0.144 and 0.151, respectively. The two arms, 34 cm in
length and equal to better than 0.1 cm, of the interferometer are defined by the normal incidence 0° multilayer optics, M1



and M2, and the beam splitter. Interference fringes are generated by adjusting the spatial overlap and length of one arm
with the M2 mirror which has motorized yaw, pitch and translation. The estimated throughput of the interferometer is
approximately 0.007 per arm. The output beam from the interferometer reflects off M3 onto a spherical multilayer
imaging mirror, S2 (f= 50cm), and is then relayed, via a 45° multilayer optic, to a back-thinned charged-coupled device
(CCD) detector with a 1024x1024 (pixel size 24x24 um’) array. The S2 mirror is set to image a plane, within the M1
arm, where a laser-produced plasma can be generated for pump-probe experiments. The total magnification of the imaging
system is estimated to be ~7.5 times giving a pixel limited resolution of 3.2 wm at the target plane. The x-ray laser
output is effectively relay imaged, via S1 and S2, to the CCD detector plane with a total magnification of ~150 times.

3. EXPERIMENTAL RESULTS FROM THE MICHELSON INTERFEROMETER

Figure 2 shows a sample interferogram and lineout. The image captured by the CCD camera represents a region of
~1700 x 1700 um’ at the target plane (positioned inside the arm BS-M1) and encompasses the entire exit pattern of the
x-ray laser beam. This image is taken with the interferometer alignment optimized and the path length of BS-M2 set to
give the best fringe visibility (AL = 0). The curvature associated with the fringes is due to stresses across the beamsplitter
causing local variations in the angles of the phase front within the x-ray beam. The variation in the fringe separation
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Figure 2: Interferogram with intensity lineout taken at optimum interferometer
alignment, AL = 0. Short pulse is 13 ps pulse showing good fringe
visibility over several hundred microns.

across the beam is also a function of this angular offset and has been discussed previously [4]. Fringe visibility, V' = (L
— Lyin)/(Lyax + Lnin), up to 70% is measured in some regions of the interferogram. Larger-scale intensity variations across
the image are due to transverse spatial mode structure of the x-ray laser beam as confirmed in earlier near-field imaging
experiments. There exists good coherent relationship between the modes after equalization of the interferometer arms.
Some smaller scale structure along individual fringes is observed which may be due to non-uniformities within the
beamsplitter or multilayer optics.

4. LONGITUDINAL COHERENCE MEASUREMENTS

The longitudinal coherence of the source is determined by adjusting the path difference (AL) between the two arms of
the interferometer using the encoded translation stage of M2. The fringe visibility in the interferograms is then measured
for both a 6 ps and a 13 ps short laser pulse to generate the x-ray laser. The other laser conditions remained constant. The
results are shown in Fig. 3. It was found that for increasing values of AL, regions in which good fringe quality was
observed became more localized indicating spatial variation of the longitudinal coherence across the x-ray laser beam.



Each data point in Fig. 3 signifies the average of the nine highest visibility measurements across a single interferogram.
Fringe visibility below 0.2 was difficult to quantify at larger values of AL because the fringe continuity reduced to a scale
less than the integration window. The overall value of 50% visibility is due to unequal throughput for the two arms. No
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Figure 3: Variation of fringe visibility with path difference between two arms of the interferometer
for 6 ps (open symbols) and 13 ps (closed symbols) heating pulse. Each data point is
average visibility for a given shot taken from nine separate measurements across the
interferogram. Error bars represent one standard deviation. The data points are fit by a

Gaussian curve with a 1/e half width (HW) of 400 um =+ 35 uwm (solid line, 13 ps) and 342
um = 24 um (dashed line, 6 ps).

fringes were observed for AL above +750 um. A Gaussian fit gives very good agreement to the data with a 1/e half width
(HW) of 400 um = 35 um for the 13 ps pumping pulse and 342 um * 24 um for the 6 ps pulse. It may be noted that the
x-ray laser intensity, fringe uniformity and visibility were better with the longer pumping pulse. In each case the x-ray
laser output was in the saturation regime.

Interpretation of the experimental data can be treated as follows. The measured fringe visibility is equal to the
magnitude of the complex degree of coherence within the illumination beam [9]. This is a measure of the degree of
correlation between the two combining phase fronts at the output of the interferometer. The complex degree of coherence
is shown to be related to the power spectral density of the x-ray laser pulse, I(v), utilizing the Fourier transform
relationship of Wiener-Khintchine theorem [10]. As a result, the linewidth Av (FWHM) and the coherence time t. are
inversely related. There is sufficient evidence from Fig. 3 to assume that the x-ray laser line has a Gaussian power
spectrum where the intensity dependence on frequency follows I(v) « exp{-[2 \/In(2) (v - vo)/Av]’}, where Av is the line
width of the lasing transition, vo = c¢/A. The phase front associated with one arm is delayed by a time 7 = 2L/c when the
M2 arm is moved by a distance L. The measured fringe visibility dependence on t, V(7), is then the envelope of the
autocorrelation function of the power spectrum varying as, V(7) = exp{-[7Avt /(2\/ln(2))]2}. The coherence time, ., is
defined as the value of T where the visibility has been reduced to 1/e the maximum value. From the Gaussian fits
mentioned above, a spectral linewidth of ~0.34 pm and ~0.29 pm (FWHM) is determined for the 6 ps and 13 ps x-ray
laser heating pulse, respectively. This corresponds to a spectral resolution A/AA ~ 4.3 x 10* and 5.06 x 10°, respectively.
These line widths are narrow and confirm the expected highly monochromatic nature of the x-ray laser. It is important to
note that the longitudinal coherence measurements from the average visibility plot are the maximum value from the
distribution within the x-ray laser total spatial beam profile.



In order to compare these line widths, simulations of the x-ray laser medium conditions were carried out with the 1-
D LASNEX hydrodynamics and CRETIN atomic kinetics code [11] for the 13 ps heating pulse. From these calculations
it is predicted that the ion temperature remains constant (= 10%) within the spatial region of the gain profile and for a
time period longer than the gain duration, see Fig. 4. This is supported by the near field imaging results that indicate the
x-ray laser is strongly amplified through the region 20 — 50 pm from the target surface. For the predicted ion temperature
of 35 eV the Doppler broadened line shape can be calculated from A/AA = 1.2961 x 10* [M/T;]"”, where M is the Pd ion
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Figure 4: 1-D LASNEX and CRETIN simulations for the Ni-like Pd gain (solid line, left axis) and
ion temperature, T;, (dashed line, right axis) as a function of distance from the target
surface. The laser conditions are 600 ps long pulse (1.5 J, 10" W em™®) and a 13 ps (5 J,
2.3 x 10" W em®) where the 13 ps pulse arrives 700 ps after the peak of the long pulse.
This is for conditions just after the peak of the short laser pulse.

mass (atomic mass units) and 7; is the ion temperature (¢V). For Pd where M = 106.4 amu and 7; = 35 ¢V, the thermal
Doppler line width is equivalent to ~0.65 pm (FWHM). This is approximately a factor of two larger than the results from
the coherence measurements. It is expected that gain narrowing of the Doppler broadened line would occur and the gain-
narrowed width would scale as ~(g/)"”, where g is the small signal gain and / is the length of the gain medium [5].
Previously measured gain-length products of 18 [3] would narrow the predicted Doppler broadened lineshape to ~0.15
pm. It can be noted that this is a low temperature plasma and other line mechanisms [5] would be expected to bring this
figure into closer agreement with the experimental measurements. Additional RADEX simulations confirm that the
plasma ion temperature during x-ray laser amplification is in the range of 7; = 35 — 40 ¢V, but also shows that the
Doppler broadening mechanism contributes approximately 50 — 55% of the total line width which is ~1.3 pm before gain
narrowing is considered. When gain narrowing is taken into account, the agreement is closer. This indicates that a full
treatment of all line broadening mechanisms including Stark effects together with natural line shape as well as operation
in the gain-narrowed bandwidth regime would be required.

5. TRANSFORM-LIMITED PULSE DISCUSSION

Recently it has been reported that picosecond driven x-ray lasers may be operating in a close to transform-limited or
bandwidth-limited regime [12, 13] where the narrow spectral bandwidth of the x-ray laser places a fundamental limit on
the shortest pulse duration. This phenomenon is well-documented in the area of ultrafast pulse generation within the laser
community [14-16]. In fact, the shape and frequency bandwidth of the laser spectra in chirped pulse amplification
systems is often controlled and increased to generate progressively shorter femtosecond pulses [17]. We have an estimate
of the spectral line shape and width in this work together with an x-ray laser pulse duration measurement for similar



pumping pulse conditions [18]. This
allows an accurate determination of the
degree of transform limited operation for
the Ni-like Pd ion x-ray laser line at
14.7 nm.

For the wave nature of light, time ¢
and frequency v are conjugate. This
means that for a wave with a pure single
frequency, the frequency bandwidth
would be infinitely narrow but
temporally would last for an infinite
time. In reality, limiting the pulse
duration will introduce a frequency
spread in the wave, and vice-versa.
Fourier analysis or Fourier transforms
can be applied to the pulse shape to give
the formula for the time-bandwidth
product Av At > 1. The value of the
right-hand side of this expression
depends on the exact pulse shape,
definition of A and whether it refers to
the full width at half maximum
(FWHM), the full width at //e intensity
or the root mean square of the function
[14]. Another consideration for the time-
bandwidth product, is the level of chirp
or other amplitude or phase substructure
contained within the pulse [14]. Pulses
without additional chirp or other
substructure would be expected to be
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Figure 5: Plot of five different pulse shapes and intensity profile with peak
intensity of unity and FWHM, Az = 1. Peaks are centered at t =5.
Curves are labeled as follows: (a) Lorentzian (solid line), (b) Sech?
hyperbolic secant squared (dotted line), (¢) Gaussian (solid line), (d)
Flat top (solid line), and (e) single-sided exponential (dashed line).

transform-limited. For this analysis, the common FWHM definition will be applied and for the sake of completeness
various pulse shapes will be considered to illustrate the extent of the transform limit regime in each case.

Figure 5 shows a plot of the intensity profile /(z) for five different pulse shapes under consideration: Gaussian,
Lorentzian, sech’ (hyperbolic secant squared), flat-top and a single-sided exponential. They are normalized to have a peak
intensity and a FWHM of unity. Table 1 below lists the functions, the corresponding intensity profile /(z), and the time-

Table 1. Pulse shape, intensity profile parameters and transform-limited product

Intensity Time-Bandwidth *
Pulse Shape Profile, I(t) Av At =
(a) Lorentzian [1+ QUALT' 0.221
(b) Sech® ° cosh™(1.76t/At) 0.315
(c) Gaussian exp(-4 (In 2) (t/At)’) 0.441
(d) Flat Top 1 (0<t<At) 0.886
(e) Single-sided exponential exp(-(In2) t/At), (t0) 0.11

* At, Av are FWHM

® sech(t) = 1/cosh(t) = 2/(e' + ")

bandwidth product Av At [14-16]. It can be seen that the transform-limit is different for each pulse shape. For this work,
the spectral shape is Gaussian and similarly the measured temporal pulses are frequently Gaussian in profile [18]. From
Table 1, the Gaussian profile has a time-bandwidth product Av At = 0.441. For the 6 ps pumping pulse, the spectral



width 0.34 pm is equivalent to a frequency Av of 4.73 x 10" Hz (FWHM) with a transform-limit of 0.93 ps. The
average saturated output x-ray laser pulse are in the range of 4.5 — 4.9 ps (FWHM). This is approximately 5 times the
transform limit. Repeating the same analysis for the 13 ps data, 0.29 pm corresponds to Av of 4.04 x 10'' Hz (FWHM)
with a transform-limit of 1.09 ps. The measured x-ray laser pulse widths for the 13 ps data are slightly longer with 5.89
ps (FWHM) mean value though values as short as 4.6 ps are measured. This again gives a 4 — 5 times transform limited
pulse. It is probably not a coincidence that the measured time-bandwidth product Av At remains essentially constant for
the two short laser pumping pulses. The observed “few times the transform-limited pulse” may also suggest that there is
additional amplitude or phase structure in the pulse shape. It would seem that for 100 fs x-ray laser operation, broadening
of the spectral line shape is required.

In comparison, for the previous NOVA experiments [4—6], the spectral bandwidth Av of 1.6 x 10"> Hz (FWHM)
would generate a transform-limited pulse of 270 fs. The actual pulse widths were 200 ps and so were 700 times
transform-limited.

6. CONCLUSIONS

We have reported new results for the longitudinal coherence of a picosecond laser-driven transient x-ray laser [19].
The measured line width is a factor of four less than the 1.3 pm previously measured for the Ne-like Y quasi-steady state
x-ray laser scheme [4]. In that work the predicted ion temperature of 600 eV was substantially higher than for the plasma
conditions reported here, which directly affects the laser line width and coherence length. The improved coherence length
in combination with the picosecond pulse duration makes this an excellent source for interferometry and holography
applications. We also report that the x-ray laser is a few times the transform-limited pulse shape.
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